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The magnetic nature of the B-site dopants controls the magnetic phases in B-site doped mangan-
ites RE1−xAExMn1−ηBηO3. Different B-site dopants of equal valence, doped into the same reference
manganite, lead to different magnetic phases at low temperature, which can not be explained using
the valence change scenario. We focus on trivalent B-site dopants in CE-CO-OO-I manganites at
half-filling x = 0.50 to study the role of magnetic interactions between the B-site dopants and the
neighboring Mn-sites by using a two-orbital double-exchange model including super-exchange inter-
actions, Jahn-Teller lattice distortions and substitutional disorder in two dimensions. We show that
the magnetic reconstructions around the B-site dopants due to the modified double-exchange and
super-exchange interactions control the phase competition in B-site doped manganites.
In manganites1–3, RE1−xAExMnO3 (RE and AE de-
note rare-earth and alkaline-earth elements), A-site dis-
order4,5 is unavoidable except in few cases of specific
doping x and special growth technique6,7. A colossal
response in a magnetic field emerges due to the A-site
disorder which promotes phase coexistence and metal-
insulator transition8,9. Similar phase coexistence sce-
nario have also been observed in B-site doped mangan-
ites RE1−xAExMn1−ηBηO3 where a few percentage of
Mn-sites are replaced by foreign elements named B-site
dopants 10–20. In addition, the B-site disorder can tune a
ferromagnetic (FM) metal to an anti-ferromagnetic (AF)
insulator16,18 or vice-versa11. This promotion of a com-
peting ordered phase has no equivalent in the case of
A-site disorder.
In few cases the B-site dopant driven transition from
a FM-M to a charge ordered insulator or the reverse
transition can be explained using the valence change
scenario21. Here the Mn valence changes to 3 + ν
for an α-valent B-dopant in the reference manganites
RE3+1−xAE
2+
x Mn
3+ν
1−ηB
α
ηO
2−
3 , where the charge neutrality
requirement, ν(η, α, x) = (x + η(3 − α))/(1 − η). The
new effective hole density xeff = ν. Significantly, all
B-site doped experiments can not be explained by the
valence change argument as some B-site dopants, partic-
ularly the magnetic ones with same valency behave differ-
ently11,12,22. This requires a careful analysis of magnetic
interactions between the B-site dopants and the neigh-
boring Mn-sites.
Our focus is mainly on 3+ dopants in a CE-CO-OO-I
(CO:charge order; OO:Orbital order; I: Insulator) man-
ganite at x = 0.50. Some elements from our 3+ dopants
may exist in 2+ state due to the presence of mixed va-
lence, but that will not affect the qualitative results of
this paper. Let us briefly discuss the available experi-
mental data that emphasize the magnetic character of
the B-site dopants. The FM-M ground state in Cr doped
La0.5Ca0.5MnO3 (LCMO)
12 cannot be explained using
the valence change argument. With Cr, a 3+ dopant,
the hole density of the manganite increases from the ini-
tial x = 0.50 but there is no FM-M phase which has
hole density greater than x = 0.50 [ 2] in LCMO. When
Nd0.5Ca0.5MnO3 (NCMO), another CE-CO-OO-I with
smaller bandwidth than LCMO, doped with Cr, shows
coexistence of FM-M and CO-I phases at low tempera-
ture11,15. There is no FM phase for x > 0.5 in NCMO
either. Both these parent manganites have FM-M phases
at x < 0.50. Dark field images at temperatures below the
transition temperature shows that the hole density in the
FM domains is less than x = 0.50 [ 12]. This is surprising
because the valence change on doping 3+ dopants is in a
direction opposite to the clean ferromagnetic (FM) phase,
so Cr doping should not have led to a FM-M. In addi-
tion to Cr, Ni and Co also lead to ferromagnetism at low
temperature when doped into NCMO, going against the
valence change scenario. Note, however, that 3+ dopants
like Fe, Al, and Sc when doped into the same manganite
at x = 0.50 do not induce ferromagnetism at any temper-
ature as shown in the left hand side of the Fig-1 [from
ref. 15]. Cr, Ni, and Co also induces ferromagnetism at
low temperature at the expense of AF ground state in
Pr0.5Ca0.5MnO3 (PCMO)
22.
In this letter, we analyze the importance of magnetic
interactions between the B-site dopants and the neigh-
boring Mn-sites to understand different magnetic phases
at the low temperature. The magnetic reconstructions
around the B-site dopants control the phase competi-
tion between the FM and the AF phase. We explain
the origin of two type of magnetic reconstructions that
induces ferromagnetism in an AF insulator. We use a
two-dimensional model Hamiltonian for manganites with
B-site dopants in the limit JH → ∞ [ 23]. The model is
given by
Htot = Href +Himp, where
Href =
αβ∑
〈ij〉σ
t˜ijαβd
†
iασdjβσ + J
∑
〈ij〉
Si.Sj
− λ
∑
i
Qi.τ i +
K
2
∑
i
Q2i and
Himp = V
∑
nασ
d†nασdnασ + J
′
∑
〈nj〉
Sn.Sj + Vc
∑
〈nj〉
qnqj .
The reference ‘manganite model’ Href involves the
nearest neighbor hopping of eg electrons with ampli-
2FIG. 1: Left: Temperature dependence of magnetization for
different B-site dopants in Nd0.5Ca0.5MnO3. Magnetization
is measured under a field of 0.5 T [results from A. Machida,
et al., Phy. Rev. B 65, 064435 (2002)]. Right: Temperature
dependence of the FM peak [S(0, 0)] for four representative
parameter points in the phase diagram (Fig-2) with h = 0.002
(lattice size: 24×24). The dotted line is for the reference CE-
CO-OO-I phase.
tude t˜ijαβ (two orbitals a and b), anti-ferromagnetic (AF)
super-exchange (SE) J between Mn t2g spins, and Jahn-
Teller (JT) interaction λ between the electrons and the
phonon modes Qi in the adiabatic limit. The hop-
ping amplitudes t˜ijαβ depend upon the orientations of
t2g spins at sites i and j where t˜
ij
αβ = Θijt
ij
αβ with
Θij = cos(θi/2) cos(θj/2)+sin(θi/2) sin(θj/2)e
−i(φi−φj).
We treat all t2g spins and phonon degrees of freedom as
classical24, and measure all energies in units taa=1. We
set stiffness of the JT modes, K=1 and |Si| = 1. The
overall carrier density is controlled through the chemical
potential. For details please see Ref. 21,23,25
We use an exact diagonalization method to the eg elec-
trons in the presence of the t2g spins and the phonon
modes (Q). A Monte Carlo (MC) technique based on the
‘travelling cluster approximation’ (TCA)26 is employed
to access large system sizes25,27–29. Href reproduce the
correct sequence of magnetic phases in the ‘clean’ man-
ganites for J = 0.1 and λ = 1.6 [ 21].
The CE-CO-OO-I phase is stable only at x = 0.50 for
λ = 1.6 and J = 0.1 [ 25,30]. There are phase separation
windows (as shown in Fig-2 of Ref. 21) on both sides of
the x = 0.50 CE-CO-OO-I phase e.g., anti-ferromagnetic
A-type phase (A-2D) phase for x ≥ 0.55 and FM-M phase
for x ≤ 0.40. A few percentage of 3+ dopants at x = 0.50
will shift the xeff into the phase separation region be-
tween x = 0.50 and x = 0.55 creating a mixture of A-2D
and CE-type phase without any ferromagnetic correla-
tions. The valence change argument may be the cor-
rect way to explain the very weak ferromagnetic feature
when Fe, Al or Ga dopants are introduced into NCMO
(see left side of Fig-1). But, the mystery is why some
trivalent/divalent dopants like Cr and Ni induce ferro-
FIG. 2: Low temperature (T = 0.01) ‘phases’ at x = 0.50 for
varying V and J ′ for 3+ B-site dopants in a external magnetic
field h = 0.002. We have taken λ = 1.6 and J = 0.1. There
are two regions in the phase diagram where ferromagnetism
is induced. The other regions are either spin disordered phase
or mostly A-2D type phase.
magnetism in the CE-CO-OO-I phase, while other 3+
dopants such as Fe unable to do so.
We modifiy the local physics around the B-site dopant.
In principle the SE interaction between the B-Mn sites
can be very different from the SE interaction between
the Mn-Mn sites. The position of the impurity level at
the B-site dopant also makes a difference since it controls
double-exchange (DE) driven ferromagnetic coupling be-
tween the B-Mn sites. Another important aspect is short-
range Coulomb interaction between the B-site dopant
and the neighboring Mn site, particularly when charge
ordered reference states are considered. When a B-site
dopant is introduced into a CE-CO-OO-I state the fixed
charge state of the B-site dopant forces a rearrangement
in the valence of the neighboring Mn to minimize the
Coulomb repulsion31. For instance, a 3+ dopant like Cr
is more likely to be surrounded by Mn4+ ions. Himp
contains these three changes in the model due to the B-
site dopants; i) the B-site dopant eg states placed at an
energy V above the center of the Mn band, ii) the SE
coupling is modified to J’ between the B-site moments
Sn and the neighboring Mn moments, and iii) a nearest
neighbor (NN) Coulomb repulsion Vc between the B-site
dopant and the neighboring Mn sites is added [ 21]. We
assume Vc = 0.1 in our calculation
31,32. The quantita-
tive physics does not change without the NN Coulomb
repulsion (Vc = 0).
The two parameters V and J ′ define our minimal set
to tune the effective magnetic interaction between the
B-site dopants and neighboring Mn-sites. Fig-2 shows
the phase diagram of the B-site doped CE-CO-OO-I for
different combinations of V and J ′. We set η = 0.08, and
have used a small external magnetic field h = 0.002 as
in the experiments (see Fig-1). In an external magnetic
field a Zeeman coupling Hmag = −h ·
∑
i Si is added to
3FIG. 3: The z components of the t2g spins (top row) and the
electron density (bottom row) for each site on a 24×24 lattice
at T = 0.01 (η = 0.08). (a) V = 2 and J ′ = 0.15, (b) V = 5
and J ′ = 0.05.
the Hamiltonian. We find two unexpected FM regions,
one at lower J ′ and V values, the other at higher values
of J ′. The non-ferromagnetic region is divided into two
parts: i) A-2D type correlations and ii) spin disordered
(SD) like phase.
We believe that the ferromagnetism at large SE regime
is due to the complex structure of CE-CO-OO-I phase.
The Mn3+ (or Mn4+) ion in CE-CO-OO-I phase (checker-
board arranged Mn3+ and Mn4+ ions) has two NN spins
aligned parallel to it and other two NN spins aligned anti-
parallel to it. For Mn3+, out of four next NN spins, two
are parallel and other two are anti-parallel to the central
Mn spin. Due to large J’ at B-site, all the neighboring Mn
spins align anti-parallel to the B-site moment. To gain
kinetic energy along a ‘1+8’ ring all four next NN align
anti-parallel to the B-site as shown in the inset of Fig-
2. For Mn4+, all four next NN are already aligned anti-
parallel to it. At large enough impurity concentration the
FM ‘1+8’ rings align in the same direction to promote
FM correlations in a AF phase. Notice, this argument
does not involve the valence of the dopant.
Along with the AF coupling J ′, the other crucial ef-
fect comes from the short range Coulomb repulsion Vc.
Due to this 3+ B-site dopants prefer Mn4+ ions as near-
est neighbors. The effective hole density increases with
3+ dopant but most of the low electron density (high
hole density) sites are close to the B-site dopants. Some
sites with high electron density (low hole density) club
together in impurity free patches. The overall pattern
that emerges is a complex mixture of FM-M and AF re-
gions. Fig-3 (a) shows the z components of t2g spins
and the electron density for each site from MC snap-
shots for η = 0.08. The MC snapshot shows ferromag-
netic patches and we found that the effective hole density
of these ferromagnetic patches are less than 0.50, but
are weakly charge ordered, unlike in the experiment [
12]. This ferromagnetism is purely due to the mag-
netic and the electronic reconstructions around the B-site
dopants. We believe that the magnetic reconstructions
also lead to ferromagnetism in Cr doped off-half-filled
manganites e.g, (La0.3Pr0.7)0.65Ca0.35Mn1−ηCrηO3 [ 19],
La0.4Ca0.6Mn1−ηCrηO3 [ 20].
For lower V and J ′ values there is another narrow fer-
romagnetic window. For lower J ′, B-site dopant con-
nects to nearest neighbors Mn-sites ferromagnetically in
the absence of significant SE interaction. This FM align-
ment is due to the gain in DE energy for smaller V val-
ues. In the present case, clusters of ‘5 sites’ spins forms
a large magnetic moment, as shown in the inset of Fig-
2. This ‘5 sites’ spin structure is the building block for
ferromagnetism in this regime. In fact, a ferromagnetic
SE interaction will broaden this ferromagnetic region. As
the impurity level (V ) grows the FM phase gets quickly
suppressed due to the reduction in the DE energy gain.
In the phase diagram there is no ferromagnetic phase
at higher V and lower J ′ values. In this case the system
cannot generate either a cluster of ‘5 sites’, or the ‘1+ 8’
ferromagnetic configuration. The spin disordered (SD)
region is a complex mixture of A-2D phase and the CE
phase. Fig-3 (b) shows the z components of t2g spins and
electron density for each site for V = 5 and J ′ = 0.05.
There is no significant ferromagnetic correlations. Other
dominant phase (for lower V and intermediate J ′ values)
is A-2D type phase. This phase is expected due to the
valence change scenario discussed earlier.
It clear from the experiments15,22 that doping Al, Fe,
Ga, and Sc (say type-I) in CE-CO-OO-I manganite do
not induce any ferromagnetism, whereas Cr, Ni, and Co
(say type-II) lead to ferromagnetism at low temperature
at the expense of AF ground state. Type-I dopants ei-
ther have d0 or d10 configuration except Fe which has
d5 electronic configuration while d orbitals are partially
occupied in type-II dopants. Based on the electronic con-
figuration 3+ dopants can be divided into magnetic and
non-magnetic. Magnetic dopants interact magnetically
with their neighboring Mn-sites. Experimental result
suggests that Cr interacts antiferromagnetically to the
Mn-sites whereas Ni couples ferromagnetically33. Fe is
magnetic but interacts weakly with the Mn-sites due to
its stable d5 configuration34 and this may be the cause
for the absence of ferromagnetism on Fe doping. Other
dopants like Al, Sc, and Ga which do not have partially
filled d electrons are categorized as non-magnetic. These
non-magnetic dopants do not have any magnetic interac-
tion (valid for large V and J ′ = 0) with Mn-sites. The
physics due to the valence change scenario dominates for
these non-magnetic 3+ dopants and there is no ferro-
magnetism, as observed in experiments14,15. Taking all
these observation into consideration we classify different
4V andJ ′ Dopants d electrons Type
(similar to)
(i) V = 2, J ′ = 0.15 Cr like d3 Magnetic
(ii) V = 1, J ′ = 0.00 Ni like d7 Magnetic
(iii) V = 5, J ′ = 0.05 Fe like d5 Magnetic
(iv) V = 5, J ′ = 0.00 Ga/Al like d0 Non-Magnetic
TABLE I: Various parameter V and J ′ to mimic different
B-site dopants in experiments.
dopants in Table-1.
To draw parallel with the experiments we show ferro-
magnetic structure factor S(0,0) (thermal average com-
bined with an additional average overten different ‘sam-
ples’) with temperature for four combinations of V and
J ′ values to probe different parts of the phase diagram
in Fig-1. Only first two combinations [V = 2, J ′ = 0.15
(Cr like); V = 1, J ′ = 0.00 (Ni like)] show significant
ferromagnetism at low temperature while the other two
have negligible ferromagnetic correlations.
In conclusion, we explained the non-trivial effect of
B-site dopants on a CE-CO-OO-I phase. Although va-
lence change is in opposite direction with respect to the
FM-M phase, the magnetic reconstructions create large
magnetic patches and induce ferromagnetism for Cr/Ni
like dopants. We also show that there are two types
of magnetic reconstructions that induce ferromagnetism
depending upon the magnetic interaction between the B-
site dopants and the Mn-sites. We crudely guessed the
value of SE interaction between the B-site dopants and
neighboring Mn-sites, but we believe one can extract this
value from first principle calculations.
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